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Objectives: Our objectives were twofold: (1) to determine cardiac and 
respiratory dependency of systemic venous pathway flow of patients having 
the Fontan operation with a total cavopulmonary connection and (2) to 
describe the velocity profile. Systemic venous pathway flow is hypothesized 
to be mostly respiratory dependent, to be laminar, and to have a smooth 
velocity profile. Methods: Twenty-two patients having the Fontan operation 
(aged 8.6 -- 4.7 years) underwent magnetic resonance blood tagging (bolus 
tagging). Systemic venous pathway spin-echo images parallel to the blood 
flow were used as a localizer. A saturation pulse labeled the blood, and a 
cine image was acquired at the inferior and superior venae cavae and 
midportion of the baffle in the systemic venous pathway, triggered to the 
electrocardiogram and gated to both end-expiration and end-inspiration. 
Repetition time was 50 msec. Results: Flow in the systemic venous pathway 
was laminar throughout its course and was found to be phasic to both 
cardiac and respiratory cycles. Approximately 70% of flow was cardiac 
dependent, and the rest was respiratory. Highest flow occurred near 
end-systole and early diastole and in inspiration. Lowest flow occurred in 
diastasis. Velocity was highest and flow least "pluglike" in the mid-baffle 
area during cardiac or respiratory imaging (45 +-. 17 and 32 -+ 11 cm/sec, 
respectively). Conclusion: A substantial amount of pulmonary blood flow in 
patients who have undergone a total cavopulmonary connection type of 
Fontan operation has a cardiac component. Furthermore, we confirm that 
this flow is laminar but nonuniform across the systemic venous pathway. 
Highest flows occurred near end-systole and early diastole, as well as in 
inspiration, and the lowest flow occurred in diastasis. This information may 
help in designing the systemic venous pathway and optimizing medical 
management. (J Thorac Cardiovasc Surg 1997;114:1032-41) 
T he driving force behind b lood movement  into the pulmonary circulation in the absence of a pump- 
ing chamber  is not completely understood.  1-14 It is a 
combinat ion of negative intrathoracic pressure dur- 
ing inspiration and of contract ion and mot ion of the 
systemic ventricle. 1-3' 5-11 Respirat ion is thought to 
be a major component.  2' 3, 8, 12-14 
Whatever  the mechanism, the opt imal  way to 
channel b lood from the inferior vena cava ( IVC) to 
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the pulmonary arteries 15' 16 has also received much 
attention, although it is thought that energy effi- 
ciency is achieved by the cylindric baffle concept. 15 
This study enlists a magnetic resonance blood 
tagging technique called bolus tagging 17-19 to visu- 
alize flow patterns across the d iameter  of the sys- 
temic venous pathway (SVP). We address, in vivo, 
the issue of cardiac versus respiratory dependency of 
SVP flow and describe the velocity profiles in the 
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"energy efficient" cylindric baffle to gain some con- 
cept of the nature of this flow. 
Methods 
Patients. We prospectively studied 22 patients with 
functional single ventricle who underwent Fontan recon- 
struction at The Children's Hospital of Philadelphia be- 
tween June 1994 and July 1995. Patients ages were 8.6 _+ 
4.7 years, time from operation was 4.1 _+ 4.9 years, and age 
at operation was 2.7 -+ 2.1 years. Anatomic diagnoses are 
listed in Table I. Seven patients had small baffle fenestra- 
tions although all patients had aortic oxygen saturations 
greater than 90%. This implied little hemodynamic signif- 
icance. Patients were in stable enough condition to un- 
derg O a 1-hour magnetic resonance imaging (MRI) study 
while sedated. All patients underwent echocardiography 
within 6 months of MRI and had qualitatively good 
ventricular shortening. No patients had symptoms refer- 
able to the cardiovascular system or had venous pathway 
obstruction. Informed consent was obtained from all 
participants. All patients had normal sinus rhythm and no 
arrhythmias. All MRI studies were adequate for interpre- 
tation. 
All patients underwent a total cavopulmonary connec- 
tion by creation of a tunnel at the lateral atrial wall. This 
consisted of a hemicylindric polytetrafluoroethylene tube 
graft* sewn into the lateral and posterior atrial walls, 
creating a circular channel for blood to flow from the IVC 
to an anastomosis between the superior vena cava (SVC) 
and right pulmonary artery. 
Mil l .  Studies were performed on a Siemens 1.5-tesla 
Magnetom SP 63 device (Siemens Corp., Union, N.J.). A 
respiratory bellows and electrocardiographic (ECG) leads 
were placed in each subject. If less than 7 years old, the 
patient was given either chloral hydrate 75 to 120 mg/kg (if 
<2 years) or pentobarbital (Nembutal) 2 to 6 mg/kg 
intravenously. 
Scanning protocol was as follows (Fig. 1A): 
1. After coronal ocalizers, ECG-triggered Tl-weighted 
transverse images were acquired, spanning the entire 
thorax which were used as localizers for subsequent 
magnetic tagging. A series of Tl-weighted oblique sagittal 
images were acquired to obtain images along the long axis 
of the SVP (Figs. 1A and 1B). These images ensured that 
the final blood tagging sequence was performed in the 
center of the vessel. 
2. Multiple prospectively triggered and gated bolus 
17 19 tagging images - were then acquired (Figs. 1A and 1B). 
This gradient echo sequence uses radiofrequency pulses 
to produce saturated spins along a line designated by the 
user (a black stripe on the image) where each acquisition 
was preceded by a saturation pulse. The movement of 
blood displaces the saturation band, whereas stationary 
structures (e.g., chest wall and spine) maintain the satu- 
ration band's original position. Saturation band displace- 
ment on blood relative to the chest wall and spine allows 
for velocity and flow calculation (Fig. 1A). Each image 
represents blood displacement between tagging and image 
* Gore-Tex graft, registered trademark of W. L. Gore & Associ- 
ates, Inc., Elkton, Md. 
Table I. Breakdown of patients by anatomic 
diagnosis 
Patient 
No. Diagnosis 
1 RV Ao with PA {S,L,X}, RAVV atresia, 
hypoplastic LV 
2 HLHS 
3 DORV, single RV, PS 
4 DILV, PS 
5 HLHS 
6 SI-Vent, DORV {S,L,D}, CCAVC malaligned to 
LV, PS 
7 DORV {S,D,D}, MA, TAPVC to LSVC 
8 HLHS 
9 HLHS 
10 TGA {S,L,L}, DILV, LAVV hypoplasia 
11 DORV {S,D,L}, single RV, PS 
12 DORV {S,D,D}, malalignment VSD, PS, subAS with 
arch hypoplasia, straddling mitral valve 
13 DORV {A,D,D}, CCAVC 
14 DORV {S,D,D}, single RV, subAS 
15 TA, TGA {S,D,D}, IAA type A 
16 TGA {S,L,L}, DILV 
17 DORV {S,D,D}, MA, AS 
18 HLHS 
19 HLHS 
20 HLHS 
21 HLHS 
22 DORV {S,L,D}, SI-Vent, canal + malalignment 
VSDs, straddling TV 
{A,D,D}, Situs ambiguus of the atria, D-loop ventricle, D-malposition of the 
great arteries; Ao, aorta; AS, aortic stenosis; CCAVC, complete common 
atrioventricular canal; DILV, double-inlet left ventricle~ DORV, double- 
outlet right ventricle; HLHS, hypoplastic left heart syndrome; L4A, inter- 
rupted aortic arch; LAVV,, left atrioventricular valve; LSVC, left superior 
vena cava; LV, left ventricle; MA, mitral atresia; PA, pulmonary atresia; PS, 
pulmonic stenosis; RAVV, right atrioventricular valve; RV, right ventricle; 
{S,D,D}, same as {A,D,D} except situs solitus of the atria; {S,D,L}, same 
as {S,D,D} except 5-malposition of the great arteries; SI-Vent, superoin- 
ferior ventricles; {S,L,D}, same as {S,D,D} except L-loop ventricles; 
{S,L,L}, situs solitus of the atria, L-loop ventricles, L-malposition of the 
great arteries; {S,L,X}, same as {S,L,L} except the ventricular-arterial 
alignment cannot be determined; TAPVC, total anomalous pulmonary 
venous connection; TGA, transposition of the great arteries; TV, tricuspid 
valve; VSD, ventricular septal defect. 
acquisition: effective repetition time (TR) = 50 msec, 
echo time (TE) = 8 msec, number of excitations (NEX) = 
1, matrix size = 128 × 128, slice thickness = 5 to 10 mm, 
and field of view range = 180 to 250 mm (mean = 200 
mm); receiver bandwidth = 49.92 KHz. 
Bolus tagging has been extensively validated 1719 and 
directly visualizes the velocity profile, although it yields 
information in one plane. Further, bolus images on our 
SP-63 device can be constructed in a short time (advan- 
tageous, because six sets of images were needed). Phase- 
encoded velocity mapping provides flow profile in cross 
section, but it does not directly visualize it and takes four 
times as long to construct images (on our SP-63 device). 
Nevertheless, we performed cardiac triggered bolus tag- 
ging and velocity mapping at the same level on the same 
patient (Fig. 1C), and the results are similar. 
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Fig. 1A. MRI protocol to obtain a bolus tag image. Spin-echo images are obtained parallel to blood 
flow in the SVP (upper left and upper center panels). Saturated spins along a single plane produced a 
tag that was placed in the SVP just above the IVC-RA junction (not shown), in mid-baNe (not shown), 
and in the SVC (upper right panel). The movement of blood displaces the saturation band laid down 
across the vessel (arrowheads), whereas tationary Structures such as the chest wall and spine (arrows) 
maintain the saturation band laid down at its original position. The lowerpanel depicts image analysis 
(image is magnified). Both the upper right panel and lower panel are respiratory gated images. Each 
image is analyzed by tracing both the anterior wall (AW) and posterior wall (PW) of the vessel, the 
stripe where the tag was laid down (baseline), and the stripe that was moved by the motion of the blood 
(flow curve) as shown on the right panel. At twelve equally spaced points across the diameter of the 
vessel, we calculated the path of the blood from the initial position of tagging to the point where blood 
moved the tag (the lower panel shows only three positions for simplicity, represented by arrows with 
split tail@ P, Posterior; PA, pulmonary artery; S, superior; Vent, ventricle. 
Both cardiac (ECG) triggered images (multiple images 
across the cardiac ycle) and respiratory gated images (an 
image at end-inspiration and at end-expiration) were 
obtained. End-inspiratory and end-expiratory images were 
chosen because they correlate with maximum and mini- 
mum respiratory dependent flow, respectively. 
For ECG-triggered images, phase encoding occurred 17 
msec after the tag and frequency encoding occurred 20 
msec after the tag, Tags were created at 50 msec intervals 
(TR = 50 msec) starting 1.2 msec after the R wave (Fig. 
! B) and were acquired across the cardiac cycle from R 
wave to within 30 msec of the next R wave (covering atrial 
systole ) .
For respiratory gated studies (Fig. 1A), images were 
acquired at greater than 90% maximum bellows expansion 
(end-inspiration) and at less than 10% maximum bellows 
contraction (end-expiration). 
Tags (2 mm in diameter) were created just above the 
IVC-right atrial junction (IVC-RA), in the midportion of 
the baffle three fourths of the distance from the IVC-RA 
and the pulmonary artery (mid-baNe), and in the SVC 
(Figs. 1A and 1B). Tag width and image quality did not 
vary with imaging type. 
Image and data analysis. Images were analyzed on a 
Sun SPARC 10 workstation (Sun Microsystems) using 
the Volumetric Image Display and Analysis software 
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Fig. lB. Bolus tagging in the SVP. The nine-panel image on the left displays flow in the SVC at 50 msec 
intervals throughout the cardiac cycle. Note that the tag over the SVC (arrowhead) persists and moves on 
all nine images. Arrows display Where the tag is initially laid down. The panels on the right are 
magnifications of the SVC at maximum (max) flow (upper panel) and minimum (rain) flow (lower panel). 
Arrowheads and white lines outline the baseline and flow curve. 
Bolus Tagging vs. Phase Encoded VMAP 
45 ] ~ Technique 
40 • 
' Bolus 
7' % 
10 
1 2 3 4 5 6 7 8 9 10 
systole diastole 
PHASE 
Fig. 1C. A comparison of bolus tagging versus phase-encoded velocity mapping (VMAP). Velocity is 
plotted on the Yaxis and phase of the cardiac cycle is plotted on the Xaxis (1 = beginning, 10 = end of 
the R-R interval). Both Curves were generated at the same tagging level in the same patient within 5 
minutes of each other. Note that the curves are almost superimposable. 
package. 2° On each image, the following features were 
traced (Figs. 1A and 1B): (1) SVP anterior and poste- 
rior walls, (2) the original site of tag placement (base- 
line), and (3) the position of the tag moved by blood 
flow (flow curve). Computer-aided enhancement chose 
the center of the saturation band by finding the local 
pixel of least intensity. Twelve streamlines were calcu- 
lated at equally spaced points across the SVP diameter 
from the weighted averages of the anterior and poste- 
rior walls. 
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The distance moved along each streamline by the 
tagged blood was measured and velocity was calculated by 
means of the following equations (Fig. 1A): 
Distance traveled by 
tag (cm) 
Velocity (cm/sec) = 0.02 sec (Eq 1) 
TO determine flow, we analyzed the area between flow 
curve and baseline in the vessel by planimetry; rotating 
this area 180 degrees around its center yielded the volume 
of blood crossing the saturation plane at the time of image 
acquisition (assumes the SVP is circular in cross-sec- 
tion21). The formula used was as follows: 
Entire radius 
ofthevessel((DiCm)+Di+lCm!) ) 
Volume (ml) = ~ 2 × 
i 
22 X 7r X (Eq 2) 
where D~ and D~+~ are distances the flow curve has moved 
at positions i and i+l, vesseldi ~ is th e vessel diameter, and 
R i and R i+~ are the distance from the center of the vessel 
at positions i and i+ 1. Flow is calctilated by the following 
equation: 
Volume (ml) 
Flow (ml/sec) - 0.02 sec (Eq 3) 
The phase of the cardiac cycle was standardized as a 
percentage of the cardiac cycle from R wave to R wave. 
The position across the SVP diameter was standardized as
percentage from posterior to anterior wall. 
Parameters defined. Inasmuch as all data comparisons 
were paired measurements, indexing to body surface area 
was not performed. 
Velocity data for cardiac triggered images. For each 
phase, the greatest velocity of any streamline was deter- 
mined and maximum and minimum velocity were the 
highest and lowest of these values, respectively, for any 
phase. The phase at which maximum and minimum 
velocity occurred, as well as its position across the SVP, 
was also calculated. As a measure of how much the 
velocity profile mirrored "plug flow," the standard evia- 
tion of all velocities across the SVP at each phase was 
computed (i.e., the lower the standard eviation, the more 
"fiat" it was). The largest and smallest standard devia- 
tions, as well as the phase at which these velocities 
occurred, was then determined. 
Flow data for cardiac triggered images. For each 
phase, the flow rate was computed and the average, 
maximum, and minimum of these values were deter- 
mined. The phase at which these occurred was also 
determined. 
Respiratory data. End-inspiratory and end-expiratory 
data included maximum, average, and standard eviation 
of velocities of any streamline, the position of maximum 
velocity, and flow. 
Flow dependency. If flow were solely respiratory con- 
trolled, it would be expected that a cardiac triggered study 
would demonstrate similar images at all phases. This did 
not occur. Similarly, if flow were solely cardiac ontrolled, 
then it would be expected that a respiratory gated study 
would demonstrate similar images at end-inspiration and 
end-expiration. Again, this did not occur. Because cardiac 
and respiratory cycles occur at the same time, flow 
dependency was defined as the percentage change in flow 
during the cardiac ycle (or respiratory cycle) as a fraction 
of the sum of flow changes noted during both cardiac 
triggering and respiratory gating. Thus: 
%Cardiac dependency 
Max flOWcard --  Min flOWcard 
(Eq 4) 
(Max flowered - Min fiOWca~d) +
(F loWinsp --  Flowexp) 
%Respiratory dependency 
F loWinsp - F lowexp 
(Eq 5) 
(Max flOWcard -- Min ftOWca~d) +
(Flowinsp - Flowexp) 
where max flOWcara nd min fiOWcard are maximum and 
minimum flows as calculated on the cardiac triggered 
images and flow~nsp and flOWexp are flows calculated at 
end-inspiration and end-expiration. 
Statistics. The two-way paired Student's t test was used 
to determine differences between means in a given patient, 
and the unpaired Student's t test was used to compare means 
in unpaired populations. The one-way analysis of variance 
was used when more than two means were compared, and 
differences between means were noted with the use of the 
Scheffe F test. Differences were considered to be significant 
at p < 0.05. Statistics were performed on a PC by means of 
JMP version 3.1.4 for Windows (SAS Institute, Inc., Cary, 
N.C.). Interobserver variability was determined by the Pear- 
son correlation. All values are mean _+ standard eviation. 
Results 
So that interobserver variability for tracking the 
tag could be tested, all tagging levels in 15 of the 22 
patients were tracked by two observers. An excellent 
interobserver correlation was found (r -- 0.97) for all 
streamlines. 
SVP: Turbulent versus nonturbulent flow (Figs. 
1A and 1B). The physics of MRI  dictate that when 
turbulent blood flow occurs in gradient echo imaging, 
a loss of signal will occur in the region of turbulence. In 
bolus tagging, this translates into the tag breaking up 
and the appearance of a signal void. All 22 patients at 
the three levels displayed persistence of the tag 
through the cardiac and respiratory cycles, implying 
laminar flow in the pathway. 
SVP~ Cardiac and respiratory dependency. Table 
II expresses the cardiac and respiratory dependency 
of flow in the SVP. Cardiac dependency predomi- 
nates, accounting for 69% to 72% of the flow. 
The Journal of Thoracic and 
Cardiovascular Surgery 
Volume 114, Number 6 
Fogel et aL 1037 
35, 
--'- 30, 
O 
u) 25, 
E 
o 20, 
,_~ 15 
O 
o 10  
O > 
5 
SVP VELOCITY PROFILE 
O ¸ 
1 2 3 4 5 6 7 8 9 10 11 
posterior anterior 
A pos i t ion  across  the  SVP  
PHASE 
, . -o - -  1 
~o- -  2 
~, - -  3 
. .0=-  4 
= 5 
• 6 
"~8 
"~9 
-~  10 
t l  
- - 13 
12 
- ' - "  '12 
'14 
,S VP VELOCITY MAP 
3s pos i t ion  
25 ~ 3  
,~  15 -D-  6 
,m 
0 1 0 . ~ ' ~ ° ~ / ~ ~  - o. 7 
,~ " ~" 8 
5 -o -9  
-="  10 
0 
11 
" - - "  '12 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
sys to le  d ias to le  
B PHASE 
Fig. 2. Bolus tagging and flow in the SVP. A, This figure is representative of data from one patient of the 
geometry of the velocity profile. This graph of velocity versus position across the SVP displays the velocity 
profile at all phases of the cardiac cycle (each curve represents a different phase of the cardiac ycle, with 
1 = at R wave and 14 = just before the next R wave). B, This figure is representative of data from one 
patient, which graphs velocity versus time (from R wave to R wave). The fanlily of curves represent the 
twelve positions across the SVP diameter that were measured, with 1 = most posterior and 12 = most anterior. 
ECG-triggered SVP flow-velocity profile and flow 
characteristics (Figs. 1 and 2, Table I I IA).  Mid- 
baffle levels demonstrated statistically higher maxi- 
mum velocity than either IVC-RA or SVC levels, 
and at all levels, maximum velocity differed signifi- 
cantly from minimum velocity (i.e., velocities were 
not constant over the card iac  cycle). Maximum 
velocity occurred in the second quarter of the car- 
diac cycle and did not differ between tagging levels, 
Table I I . Cardiac and respiratory dependence 
Factor IVC-RA Mid-baffle SVC 
Cardiac (%) 70 _+ 15" 69 ± 22~ 72 -+ 1%+ 
Respiratory (%) 30 ± 15" 31 + 22? 28 ± 175 
p Value 0.001 0.002 0.001 
/VC-RA, The tag position just above the right atrial-inferior vena cava 
junction; mid-baffle, the tag position in the middle of the systemic venous 
pathway baffle; SVC, the tag position in the superior vena cava. 
*?~ At all three tagging levels, cardiac flow was significantly higher than 
respiratory flow. 
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Table IliA. Velocity profile characteristics in the SVP triggered to the cardiac cycle 
Velocity profile parameter 1VC-RA Mid-baffle SVC 
Maximum velocity (cm/sec) 34 _+ 8*? 
Phase of maximum velocity (% of cardiac cycle) 32 +_ 20~ 
Minimum velocity (cm/sec) 14 _+ 6? 
Phase of minimum velocity (% of cardiac cycle) 64 _+ 22:~ 
Position of maximum velocity (% from posterior wall) 48 +- 20 
Maximum standard eviation (cm/sec) 8.8 + 3.0§ 
Minimum standard eviation (cm/sec) 2.5 + 1.6 
Phase of maximum standard eviation (% of cardiac cycle) 46 + 36 
Phase of minimum standard eviation (% of cardiac cycle) 54 + 32 
45 +_ 17"? 35 -+ 11"? 
41 -+ 21:~ 43 - 14~ 
16 -+ 117 17 +_ 6? 
62 + 255 60 +_ 29:]: 
51 + 25 53 +_ 18 
13.4 _+ 8.1§ 8.9 -+ 3.2§ 
3.8 _+ 4.1 3.9 -+ 1.9 
38 _+ 33 44 _+ 34 
61 _+ 32 50 +- 39 
1VC-RA, The tag position just above the right atrial-inferior vena cava junction; mid-baffle, the tag position in the middle of the systemic venous pathway 
baffle; phase, measured as a percent of the cardiac ycle from R wave to R wave; pos#ion, measured as a percent from the posterior wall in relation to the 
vessel diameter; SVC, the tag position in the superior vena cava. 
* Mid-baffle demonstrated statistically higher maximum velocity than either the IVC-RA or the SVC (p - 0.04). 
~- At all three levels, maximum velocity differed significantly from the minimum velocity (p = 0.001 at each level). 
The phase of minimum velocity differed significantly from the phase of maximum velocity at all tagging levels (p - 0.002 at each level). 
§ The highest standard eviation of velocities occurred at mid-baffle and was significantly different from either the IVC-RA or the SVC (p = 0.02). 
although they did differ from the phase of minimum 
velocity (third quarter of the cardiac ycle). Position 
of maximum velocity was in the center of the vessel 
and did not differ between levels (Figs. IB and 2A). 
When comparing tagging levels, we found that the 
greatest standard eviation of velocities (the "thick- 
ness" of the family of curves on Fig. 2B) occurred at 
mid-baNe. At all levels, maximum standard evia- 
tion occurred during the second quarter of the 
cardiac ycle (coinciding with the phase of maximum 
velocity) and the minimum standard eviation oc- 
curred in the third quarter of the cardiac cycle 
(coinciding with phase of minimum velocity). 
Flow (Table IIIB) was continuous throughout the 
cardiac ycle (i.e., flow ~ 0, Fig. 1B). Maximum flow 
was significantly higher at IVC-RA than at SVC. 
Further, average flow was statistically higher at 
IVC-RA and mid-baNe than at SVC. Maximum 
flow occurred in the second quarter of the cardiac 
cycle. Minimum flow, however, occurred at the third 
quarter of the cardiac cycle. 
SVP flow gated to the respiratory cycle: Velocity 
profile and flow characteristics (Fig. 1A, Table IV). 
No ghosting artifacts were visualized. At mid-baNe, 
maximum and average velocities during inspiration 
were significantly higher than at expiration. Further, 
mid-baNe displayed the highest standard eviation 
at either phase of the respiratory cycle. 
Flow at inspiration was higher than at expiration at all 
levels, but the difference was significant only at mid- 
baffle. Flow was significantly higher at IVC-RA and 
mid-baffle than at SVC for any phase of respiration. 
Discussion 
Previous studies of the mechanism of pulmonary 
blood flow in Fontan physiology 1-14 have implicated 
cardiac and respiratory factors; however, the degree 
each contributes and which cardiac events deter- 
mine this flow are topics of debate. TM Inspira- 
tion 2, 3, 12-i4 and various phases of the cardiac cycle 
(atrial contraction, 5' 7, 8 ventricular systol@' 2, 4, 5, 7-9 
and ventricular diastole 1's, 9, 11) are thought o play 
major roles in determining this flow. 
The ultimate shape of the velocity profile is 
dependent on a complex set of interactions. Deter- 
mining this shape has far-reaching implications for 
shear forces and energetics, 22-24 correct interpreta- 
tion of Doppler data, 25' a6 thrombus formation, a7 
and for the understanding of the circulation's fluid 
mechanics. 22-27 Also, as mentioned earlier, the ve- 
locity profile is directly relevant o the problems 
faced in Fontan physiology. 28' 29 It is a function of 
many factors including Poiseuille's law, the Reyn- 
olds number, the entrance length for fully developed 
flow, the pulsatile nature of flow, and the vessel 
geometry.23, 24This, in turn, determines the hydrau- 
lic energies needed to propel blood, which should 
ideally be optimized in the SVP of patients having 
the Fontan operation. Some of these factors may be 
controlled during surgical creation of the SVP or 
manipulated by medication. 
No large series have studied the total cavopulmo- 
nary connection flow dynamics in vivo and separated 
it into respiratory and cardiac components. The 
importance to this study lies in the realization that 
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Table IIIB. Flow characteristics in the SVP triggered to the cardiac cycle 
Flow parameters 1VC-RA Mid-Baffle SVC 
Maximum flow (ml/sec) 
M in imum flow (ml/sec) 
Average flow (ml/sec) 
Phase of max imum flow (% of cardiac cycle) 
Phase of min imum flow (% of cardiac cycle) 
77 -+ 78"t" 69 -+ 91t  44 _+ 50"~ 
30 .+ 31" t  27 + 5t  18 + 22" t  
50 .+ 48:) 52 .+ 345 31 .+ 36:) 
28 .+ 31§ 47 .+ 35 47 .+ 21§ 
66 .+ 27§ 52 -+ 34 64 -+ 38§ 
IVC-RA, The tag position just above the right atrial-inferior vena cava junction; mid-baffle, the tag position in the middle of the systemic venous pathway 
bane; cardiac ycle; phase, measured as a percent of the cardiac ycle from R wave to R wave; total (over whole cardiac cycle); SVC, the tag position in the 
superior vena cava. 
* Maximum and minimum flow rates at the IVC-RA were higher than at SVC (p = 0.001 andp = 0.03, respectively). 
Maximum flow rate was higher than minimum flow rate at all three tagging levels (p = 0.001,p = 0.003, andp - 0.009 for IVC-RA, mid-baNe and SVC, 
respectively). 
:1: Average flow rate was higher at the IVC-RA and mid-baffle than at SVC (p = 0.01). 
§ Phase at maximum flow was earlier than phase at minimum flow (p = 0.005 and p - 0.02 for IVC-RA and SVC, respectively). 
SVP geometry, as well as the materials used to 
construct the SVP, can be altered to create a more 
optimal flow pattern. Localizing the cardiac phase in 
which the most flow occurs allows medications tobe 
targeted to enhance this phase, which will have a 
favorable impact on the "passive" flow into the 
lungs. 
SVP: Turbulent versus nonturbulent flow. de Le- 
val and associates is have suggested that forming the 
SVP in the Fontan reconstruction as a cylindric tube 
minimizes energy losses and creates a uniform flow 
pattern. Our study confirms, in vivo, that chaotic 
flow is not present in the SVP and that the flow is 
nearly uniform in this type of Fontan connection. 
SVP: Cardiac and respiratory dependence. 
Clearly, the dependence of pulmonary blood flow in 
Fontan physiology isnot wholly respiratory, because 
a patient receiving positive-pressure ventilation 
while supported by a respirator would not survive 
the Fontan operation. Pulmonary blood flow is also 
clearly not wholly cardiac dependent)' 12-14 Part of 
the problem stems from how to define "cardiac" and 
"respiratory" dependency. We believe that by defin- 
ing flow dependency as in our study, we have a 
useful definition from which we may draw reason- 
able conclusions about the nature of the flow. 
Our findings demonstrate hat flow is predomi- 
nantly dependent on cardiac events. In fact, our 
calculations of cardiac dependency are conservative 
inasmuch as we did not account for the approxi- 
mately 4:1 difference in heart and respiratory rates. 
To treat he patient who has had a Fontan operation 
by optimizing pulmonary blood flow, we believe 
ventricular diastole should be augmented. 
A significant amount of flow was noted to occur 
during ventricular systole. Nakazawa, 7 DiSessa, 9 and 
their associates suggested that atrial relaxation may 
contribute to this. Qureshi and colleagues 5 demon- 
strated that pulsatile flow occurred uring ventricu- 
lar systole, implying an "active" mechanism. From- 
melt and coworkers 1 noted a correlation of 
pulmonary artery flow with biphasic left atrial pres- 
sure, suggesting both an active and passive mecha- 
nism. Hagler's group 8found a significant amount of 
flow in late systole and early diastole, and Giannico 
and coworkers s demonstrated systolic forward flow 
(although less than diastolic forward flow), but 
neither speculated on the mechanism. 
Both passive and active mechanisms are plausible 
in explaining the forward systolic flow that we 
demonstrated. Note that the mid-baffle level had a 
greater velocity and standard eviation of velocities 
than other levels. Because this is intracardiac, we 
may be visualizing an effect of the atrioventricular 
valve plane motion on the noncompliant polytetra- 
fluoroethylene material (so-called "suction" effect) 
directly, or the effect may be a function of polytet- 
rafluoroethylene material making up the SVP. 
SVP velocity profiles and flow characteristics. A 
significant step-up in maximum velocity from 
IVC-RA to mid-baNe level in cardiac triggered 
images and during inspiration was noted. This 
step-up may represent a cardiac or respiratory de- 
pendent change in the SVP diameter at that level or 
may have to do with the geometry of flow at this 
level, which is close to where blood from the 
IVC-RA and SVC meet to enter the pulmonary 
artery. In either case, this represents a different flow 
phenomenon than at the IVC-RA and SVC and may 
be important in energy losses. 
Maximum velocity and flow occurred uring the 
second quarter of the cardiac ycle, coinciding with 
late systole and early diastole. This is consistent with 
the early diastolic filling phase determining pulmo- 
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Table IV. Velocity profile and flow characteristics in the SVP gated to the respiratory cycle 
IVC-RA Mid-baffle SVC 
Velocity profile parameter 
Maximum velocity during expiration (cm/sec) 26 ± 
Maximum velocity during inspiration (cm/sec) 27 ± 
Average velocity during ezcpiration (cm/sec) 18 ± 
Average velocity during inspiration (cm/sec) 18 ± 
Position of maximum velocity during expiration (% from posterior wall) 52 ± 
Position of maximum velocity during inspiration (% from posterior wall) 48 ± 
Standard deviation of velocities during expiration (cm/sec) 6.4 ± 
Standard eviation of velocities during inspiration (cm/sec) 6.8 ± 
Flow parameters 
Flow during expiration (ml/sec) 58 ± 
Flow during inspiration (ml/sec) 66 ± 
11 26 + 11 23 ± 8 
11 32 _+ 1111 26 ± 10 
9 15-+6 17+5 
6 21 -+ 811 19 ± 7 
25* 51 + 17" 39 -+ 20* 
30* 57 ± 23* 43 _+ 15" 
5.0? 7.8 -+ 4.1t 5.1 _+ 2.5t 
4.2) 8.7 ± 5.8? 5.4 ± 3.5? 
55§ 39 ± 445§ 24 ± 17§ 
64§ 57 ± 505§ 29 m 28§ 
IVC-RA, The tag position just above the right atrial-inferior vena cava junction; mid-baffle, the tag position in the middle of the systemic venous pathway 
baffle; ±in, minimum; SVC, the tag position in the superior vena cava. 
* Position of maximum velocity was more posterior in the SVC than other tagging levels at either inspiration (p = 0.04) or expiration (p = 0.05). 
t Mid-baNe demonstrated the highest standard eviation of all tagging levels at either phase of respiration (p = 0.05 for either phase of respiration). 
$ Flow at inspiration was higher than:~at expiration at all three tagging levels, but reached statistical significance only at mid-baNe (p = 0.05). 
§ Flow in the IVC-RA and mid-baNe were higher than at SVC during respiration (p = 0.04). 
1[ Maximum and average velocity at mid-baNe were statistically greater than at other levels (p - 0.05 for both maximum and average velocities). 
nary blood flow. 1' 2, s, 9, 11 Minimum velocity and 
flow occurred in the third quarter of the cardiac 
cycle, coinciding with diastasis, when pulmonary 
venous flow is the slowest and diastolic compliance 
is the lowest. 3° 
The position of maximum velocity was in the 
center of the SVP at all levels, which agrees with 
theories of flow in Newton±an fluids. 23' 24 We also 
demonstrated that greatest maximum velocity was at 
the mid-baffle level, where the greatest standard 
deviation of velocities (lowest degree of "plug" flow) 
occurred, implying that increased velocity occurs 
during the highest amount of disordered flow. Mid- 
baffle flow may be less "pluglike" than other levels 
because (1) flow is moving faster, (2) it is close to the 
intersection point of flow from SVC to pulmonary 
artery, (3) it is in the middle of the atria where 
cardiac motion effects may be more pronounced, or 
(4) there is synthetic material at this level, causing 
more disordered flow. 
Flow at inspiration was noted to be higher than at 
expiration at all levels. This is consistent with the 
notion that an increase in negative intrathoracic 
pressure acts as a "suction," pulling more blood into 
the pulmonary circuit than during expiration. 
Limitations. Our temporal resolution was 50 
msec (20 Hz) for the cardiac triggered images, and 
we gated to only the top 10% of inspiration and 
the bottom 10% of expiration. Any flow-related 
events occurring quicker than that would not be 
imaged. Furthermore, if any flow-related events 
took place between tagging levels, we would also 
not have a full spatial description of the flow. We 
doubt that this has substantially affected our 
results or conclusions. 
The SVP may move with respiration. In our 
experience by MRI and echocardiography, this does 
not appear to be the case. What little motion there 
is appears in the superoinferior dimension, even less 
in the anteroposterior plane, and none in the lateral 
plane. In sagittal imaging, only lateral motion would 
move the imaging plane away from the vessel center. 
Evaluation of late atrial systole by means of 
R-wave triggering in patients with heart rate vari- 
ability may have been a problem because of "gating 
overruns." Inasmuch as each acquisition took 
slightly more than 1 minute, there was little time for 
the heart rate to vary greatly. Sedation also kept 
heart rate variability to a minimum. We found no 
image degradation with the little "gating overruns" 
that did occur. 
Our spatial resolution was approximately 0.8 mm, 
using a 128 × 128 matrix, field of view = 200 mm, 
and conservatively estimating subpixel tag tracking 
at 0.5 pixel. For velocities of 35 to 45 cm/sec, this 
yields an error of 8% to 10%. This assumes that the 
limits of accuracy of a band "X" mm wide is less 
than or equal to "X/2" mm. In addition, we acknowl- 
edge that pixels do not have a rectangular impulse 
response, making the saturation band edges not as 
sharp in theory. We would also expect that if the 
error rate in tracking the tag was too high, there 
would be a lot of noise in the velocity profile, which 
was not observed (Figs. 1A and 1B and Fig. 2). 
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Therefore, it appears unlikely that this has substan- 
tially affected our results or conclusions. 
Conclusion 
A substantial amount of flow into the lungs in 
patients who have undergone a total cavopulmonary 
connection type of Fontan operation has a cardiac 
component. Furthermore, we confirm that this flow is 
laminar but nonuniform across the SVP. Highest flows 
occurred near end-systole and early diastole, as well as 
in inspiration, and the lowest flow occurred in diasta- 
sis. The flow at the mid-battle level was 1east like 
"plug" flow and may be a significant flow phenome- 
non. This information may help in designing the SVP 
and optimizing medical management. 
We thank Brent Baxter, MS, and John Hoford, BS, for 
their support. 
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